Abundant multiphase solid inclusions (MSI) were found in garnet in an ultrahigh-pressure (UHP) paragneiss from the Kokchetav complex, Kazakhstan. The MSI are composed of mineral associations that include rock-forming and accessory minerals, which crystallized during exhumation. We present experimental and analytical protocols for how such inclusions can be homogenized to glass and analysed for major and trace elements. After homogenization we identified two types of glass. One type is present in garnet porphyroblasts in the melanocratic part of the sample and represents a high-pressure melt formed close to peak conditions of >45 kbar, 1000 C. These inclusions are characterized by high concentrations of light rare earth elements (LREE), Th and U. Extraction of these melts resulted in a pronounced depletion of the Kokchetav gneisses in those elements. Measured partition coefficients of large ion lithophile elements (LILE) between phengite inclusions and melt inclusions are D Rb ¼ 1Á9-2Á5, D Ba ¼ 1Á1-6Á9 and D Cs ¼ 0Á6-0Á8, resulting in limited depletion of these elements during partial melting in the presence of phengite. The Nb concentration in melts (27 ppm) is about double that in the restite (15 ppm), indicating slightly incompatible behaviour during UHP anatexis, despite the presence of residual accessory rutile and phengite. A second type of inclusion occurs in garnet from the leucocratic part of the rock and represents a late-stage melt formed during exhumation at 650-750 C and crustal pressures. These inclusions are characterized by low LREE and Nb and high U. Zircon domains formed during high-temperature melting are characterized by high Ti content (100-300 ppm) and unfractionated Th/U (0Á4-0Á8), whereas the low-temperature domains display low Ti (10 ppm) and Th/U (0Á08). The composition of UHP melts with moderate enrichment in LILE, no depletion in Nb and extreme enrichment in LREE and Th is remarkably different from the trace element signature of arc basalts, arguing against involvement of this type of melting in the generation of arc crust. The composition of the UHP melt inclusions is similar to that of melt inclusions from HP crustal xenoliths from Pamir and also to some shoshonites from Tibet. UHP anatexis, as observed in the Kokchetav massif, might be related to the formation of shoshonitic alkaline igneous rocks, which are common in collisional settings.
INTRODUCTION
Partial melting of deeply subducted crust is a key process for element recycling through subduction zones and a major process for the chemical differentiation of Earth (e.g. Hermann & Rubatto, 2014) . To understand this element recycling, it is crucial to know the composition of melts generated during ultrahigh-pressure (UHP) anatexis of crustal rocks. There are only a few places in the world where such processes can be studied.
The Kokchetav complex, situated in the Central Asia Fold Belt of Kazakhstan, experienced some of the highest peak metamorphic conditions recorded in crustal rocks (>45 kbar, 950-1000 C; Sobolev & Shatsky, 1990; Schertl & Sobolev, 2013) . Partial melting of gneisses at UHP conditions has been proposed based on bulk-rock variations (Shatsky et al., 1999; Stepanov et al., 2014b) as well as zircon characteristics (Hermann et al., 2001) . Fluid and melt inclusions found in carbonate and silicate rocks from the Kokchetav complex record the unusual composition of fluids produced by UHP metamorphism (Dobrzhinetskaya et al., 2005; Hwang et al., 2005 Hwang et al., , 2006 Korsakov & Hermann, 2006) . However, the majority of these findings were made in carbonate and calc-silicate rocks of uncommon composition that may not be representative of the majority of subducted crust. UHP gneisses within the Kokchetav complex derive from metamorphism of normal terrigenous sediments and they are characterized by depletion in a number of trace elements, particularly light rare earth elements (LREE), Th and U (Shatsky et al., 1999; Stepanov et al., 2014b) . This depletion has been related to the extraction of melt at UHP conditions. The composition of melts at UHP conditions has been deduced by comparing restites with inferred protolith compositions (Behn et al., 2011; Stepanov et al., 2014b) , but no direct constraint on the composition of such UHP melt has been obtained so far. Behn et al. (2011) suggested that melting of sediment diapirs rising in subduction zones can be compared with UHP melting, as inferred in the Kokchetav massif, and that such melts contribute to the characteristic enrichment of large ion lithophile elements (LILE) and LREE in arc basalts. Other researchers have proposed that some syn-to post-collisional magmas in orogenic belts might be derived from melting of subducted continental crust at UHP conditions (Massonne, 2009; Hermann & Rubatto, 2014) . Partial melts derived from UHP gneisses might also interact with the mantle wedge, resulting in a range of igneous rocks with affinities to subducted continental crust (Campbell et al., 2014; Zheng & Hermann, 2014) .
In this study we provide a detailed description of a sample of Kokchetav UHP gneiss with abundant multiphase solid inclusions (MSI) and document hightemperature, high-pressure experiments that achieved homogenization of the inclusions to glasses. The major and trace element compositions of the homogenized inclusions are complemented by trace element analysis of rock-forming and accessory minerals. The results reveal a complex process of melt generation and partitioning of elements between different phases during UHP anatexis. Comparison of the trace element composition of such UHP melts with some common igneous rocks allows linking of UHP anatexis and subduction-or collision-related magmatism.
SAMPLE DESCRIPTION
The most studied UHP localities in the Kokchetav massif are Kumdy-Kol, Kulet and Barchi-Kol (Schertl & Sobolev, 2013) . The Barchi-Kol area is located in the western part of the massif, where UHP rocks are exposed over several square kilometres. The Barchi-Kol terrane is composed of a variety of rock types, including eclogite, paragneiss and orthogneiss (Korsakov et al., 1998 (Korsakov et al., , 2002 Masago, 2000; Stepanov et al., 2016) . We investigated numerous garnet gneisses from the Kokchetav massif in the search for well-preserved MSI. The best example in our collection is sample B94-26, which originates from a depth of 44Á5 m in drill hole 111, recovered from the central part of the Barchi-Kol UHP terrane (for a map, see Zhimulev et al., 2011; Stepanov et al., 2016) . The rock is a garnet-biotite gneiss, which is one of the most voluminous varieties of UHP rocks in the Kokchetav massif; however, this sample differs from other gneisses by the presence of large garnet porphyroblasts and absence of alteration. The rock has a gneissic texture and consists of dark domains (melanosome) with garnet and biotite and light domains (leucosome) with quartz, plagioclase, K-feldspar and rare garnet ( Fig. 1a and b) . The gneissic layering dips at 40 relative to the vertical axis of the drill core.
Large garnet porphyroblasts (up to 20 mm, Figs 1 and 2) occur with quartz and feldspars within the melanosome. The garnet porphyroblasts contain large, rounded inclusions of kyanite, rutile and tabular phengite (Fig. 2) . Kyanite is also observed as corroded grains between garnet and biotite-plagioclase symplectite ( Fig. 2 ) but is otherwise absent in the matrix of the sample. Phengite is present only as rectangular inclusions near kyanite within garnet (Fig. 2) . Biotite-rich zones in the melanosome contain smaller garnet grains (<3 mm) associated with a symplectite of biotite and plagioclase (Fig. 2) . Plagioclase in the symplectite contains small, exsolved K-feldspar grains. Rare dolomite (Ca 0Á5 Mg 0Á35 Fe 0Á15 CO 3 ) aggregates were observed in the melanosome. The leucosome is dominated by fine-grained quartz and feldspars and also contains euhedral grains of garnet, 1-2 mm in diameter. No alteration is evident in the sample, with the exception of small amounts of chlorite associated with multiphase solid inclusions.
Accessory minerals observed in the sample include rutile, zircon, tourmaline and sulfides [FeS 2 , gersdorffite (NiAsS) and ZnS]. Some rutile grains contain thin exsolution blebs of ilmenite. A single grain of monazite was found in the heavy mineral concentrate. Small sulfide grains are disseminated mostly in feldspar. Tourmaline forms zoned blue and brown grains in the matrix of the melanosome (Fig. 1e) . Mineral inclusions in zircon consist of garnet, phengite, biotite, coesite, K-feldspar, rutile and calcite (Ca 0Á95 Mg 0Á01 Fe 0Á04 CO 3 ).
Multiphase solid inclusions are abundant in garnet and were also observed in rutile. In small garnet grains from the melanosome, MSI typically occupy central zones and create a dusty appearance (Fig. 1c) . In large garnet porphyroblasts from the melanosome, inclusions are concentrated in irregular zones, spreading from the central to outer parts of the garnet (Fig. 2) . Zones rich in MSI also contain rounded inclusions of kyanite, rutile and flakes of phengite (Fig. 2) . Most of the MSI have polygonal shapes and vary from less than 1 lm to over 1 mm (Fig. 4) . Large inclusions have radiating cracks filled with chlorite ( Fig. 4b, d and e). Inclusions smaller than 10 lm rarely exhibit cracks (Fig. 4c) . The inclusions are composed of various combinations of silicate minerals: quartz, biotite, phengite, kyanite, plagioclase, K-feldspar, Ba-feldspar and chlorite. A large number of accessory minerals were observed in the inclusions, including rutile, ilmenite, apatite, zircon, baddeleyite, allanite, monazite, REEcarbonates and sulfides. Most of the minerals observed in MSI were not observed anywhere else in the rock.
ANALYTICAL METHODS
The main focus of this study was the analysis of hydrous glass and hence for major element analysis preference was given to energy-dispersive spectrometry (EDS) rather than wavelength-dispersive spectrometry (WDS) analyses, because EDS uses a lower beam current and thus produces less electron beam damage. Trace elements were analysed by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) because this technique is capable of measuring multiple elements over a large range of concentrations. In this section we explain the general methods applied to mineral and glass analyses. The experimental techniques of inclusion homogenization and deconvolution of mixed glass-garnet analyses are reported in the section on MSI.
Minerals and glasses were analysed in polished thin sections, located using back-scattered electron (BSE) images on a JEOL 6400 scanning electron microscope (SEM) at the Centre for Advanced Microscopy, Australian National University. Compositions were determined by EDS, using an acceleration voltage of 15 kV, a beam current of 1 nA and an acquisition time of 120 s. Hydrous glass was not stable under the focused electron beam and a significant decrease in Na 2 O occurred during data acquisition. Analyses on glasses were performed by area scan whenever possible, but commonly the tiny size of the inclusions allowed only spot analyses. This problem was overcome by applying a correction to the measured values. A comparison of area scan analyses with spot analyses showed that the average loss of Na 2 O during 2 min of spot acquisition was 20 6 7%. Thus Na 2 O concentrations measured in glasses by spot analyses were corrected by this factor.
A special sample crushing procedure was adopted to minimize contamination and preserve garnet; this was used for the experimental re-homogenization of inclusions. The sample was squashed with a hydraulic press a number of times until the grain size was smaller than 3 mm. Then, a quarter of the sample was powdered in an alumina mill for bulk-rock analysis. The rest of the sample was sieved and garnets 0Á6-1 mm in diameter were picked for further experiments. The fine-grained (<0Á6 mm) fraction of the sample was used for heavy mineral separation. The major element bulk-rock composition was measured by X-ray fluorescence (XRF) in a lithium borate fusion glass at the Research School of Earth Sciences, Australian National University (RSES, ANU) using the same procedure as described by Stepanov et al. (2014b) . Trace elements in minerals and glasses were analysed using the LA-ICP-MS facility at RSES, ANU (Eggins et al., 1998) , using a pulsed 193 nm ArF Excimer laser with 100 mJ energy at a repetition rate of 5 Hz, coupled to an Agilent 7500 quadrupole ICP-MS system. Laser sampling of minerals was performed in a He-Ar-H 2 atmosphere using a spot size of 16-37 lm diameter. Data acquisition was performed by peak hopping in pulse counting mode, acquiring intensity data for each element during each mass spectrometer sweep. Counting was performed for 60 s, including a gas background measurement of 20-25 s. The LA-ICP-MS data were processed using an in-house Excel spreadsheet. Mineral compositions were calculated using NIST-612 (Jochum, 2011) as the external standard, and SiO 2 content measured by SEM was used as an internal standard for garnet, zircon, phengite and tourmaline, Ti for rutile and Ce for monazite. Glass BCR-2G was employed as secondary standard for mineral and bulk-rock analyses (Norman et al., 1998) . For the calculation of melt inclusion composition we used BCR-2G as a primary standard for major elements and NIST612 for As, REE, Pb, Th and U. Mineral inclusions of phengite and biotite in zircon were ablated together with the host zircon. The trace element composition of mica inclusions was estimated by using Al as an internal standard, because zircon contains negligible LILE and Al.
PHASE COMPOSITION Garnet
Garnet in the melanosome (Grt-M) has a higher Ca content (Alm 48-63Á5 , Grs 18-23Á5 , Sps 1-5Á7 , Py 12-26Á5 in mol %) than that in the leucosome garnet (Grt-L: Alm 53-72Á2 , Grs 7-16 , Sps 0Á9-3Á5 , Py 20-28Á5 ; Fig. 3 , Table 1 ). Large garnet porphyroblasts in the melanosome have a homogeneous composition. In some small garnet grains there is an increase in Mn and Fe and decrease of Ca and Mg towards the rim. In leucosome garnet, Ca, Mn and Mg increase from core to rim and Fe decreases. Garnet inclusions in zircon have compositions similar to melanosome garnet with a slightly elevated Mn content (Alm 53-57 , Grs 19 , Sps 2Á4-4 , Py 21Á4-23Á4 ). 
n.a., not analysed; b.d.l., below detection limit.
The Na 2 O content in melanosome garnet is 0Á1-0Á3 wt %, with the highest concentrations in cores; leucosome garnet contains 0Á15-0Á25 wt % Na 2 O. Melanosome garnet has 0Á1-0Á3 wt % TiO 2 , whereas leucosome garnet has 0Á05-0Á2 wt % TiO 2 . Leucosome garnet has higher P contents (1000-1500 ppm) than melanosome garnet (300 or 600 ppm). The Zr content in both garnet types slightly decreases from 25-30 ppm in cores to 10-15 ppm in rims. The two types of garnet have slightly different REE patterns (Table 1; Fig. 3 ). Melanosome garnet has higher LREE and lower heavy REE (HREE) contents than leucosome garnet. The majority of garnet has REE patterns with a small negative Eu anomaly (Eu/Eu* ¼ 0Á5-0Á7), which is minimal in the cores of large melanosome garnet. HREE and Y are positively correlated with Ca content in melanosome garnet and negatively with Mn content.
Micas
Biotite is abundant in the melanosome of sample B94-26 and was also found as inclusions in zircon. Biotite included in zircon has a higher Si content than that in the matrix, and Ti slightly decreases with Si content (Fig. 3c) . Tabular phengite inclusions in the garnet porphyroblasts have lower Si and Ti than inclusions in zircon. Biotite and phengite have high LILE; substantial Nb (around 10 ppm) and 2000 ppm Cl were measured in the biotite (Table 1) .
Feldspars
In the sample matrix and leucosome, the feldspars are K-feldspar (Ab 6-12%, An 0Á5-1%, Or 96-86%) and plagioclase (Ab 78-75%, An 8-22%, Or 2-10%). K-feldspar contains exsolved plagioclase and vice versa. K-feldspar inclusions in zircon have a lower anorthite content (Ab 9Á6%, An 0Á3%, Or 90%) than the matrix Kfeldspar. In multiphase solid inclusions, feldspars have variable compositions reaching almost pure Bafeldspar with up to 16Á3 wt % of BaO. In contrast, matrix feldspars contain less than 1000 ppm Ba (Table 1) .
Zircon
Zircon was separated from a heavy mineral concentrate and mounted in epoxy. The polished grains were investigated by cathodoluminescence (CL) for zoning, and mineral inclusions were identified by EDS analysis. The zircon grains were subdivided into four domains based on their texture and trace element composition (Figs 5 and 6; Table 2 ). Domain 1 includes the cores of the larger grains characterized by low CL emission with weak zoning (Fig. 5 ). This domain has low Th/U ratios, high HREE and steep REE patterns (Fig. 6 ). Domain 1 contains 400-500 ppm P, 60-300 ppm U and 34-72 ppm Ti. Domain 2 forms mantles around domain 1 with higher CL emission and weak concentric zoning. This domain is similar in middle REE (MREE) to domain 1 but lower in HREE. Domain 2 has very high Ti of 100-300 ppm and Th/U of 0Á3-0Á8, higher than the other domains. Domain 3 zircon forms the mantle and rim on most grains and has a CL with high to medium intensity. This domain is characterized by flat HREE patterns, and also high Th/U and Ti of 30-125 ppm. Domain 4 can be recognized by a low CL emission and typically forms rare rims. This domain has REE patterns similar to domain 3 but has high Th and U; Ti is as low as 10 ppm. Inclusions of phengite, garnet, biotite and calcite were found in zircon domains 2 and 3.
Other accessory minerals
Rutile with exsolution lamellae of ilmenite is present as large (up to 1 mm) grains in the matrix and as inclusions in garnet. The Nb content in rutile is 3000-5000 ppm, the Nb/Ta ratio varies from 7 to 22 and the U content is 70-90 ppm (Table 2 ). Zr concentrations in rutile inclusions in garnet and matrix grains are within the range 790-1090 ppm. Monazite was not found in the matrix or as mineral inclusions in garnet. However, some of the MSI contain small (<3 lm) monazite grains. A large monazite grain was recovered from the heavy mineral separate (Table 2) . Tourmaline is high in Fe, Mg, Ca and Na, whereas its K content is low (Table 1) .
Multiphase solid inclusions
Measurement of the major and trace element compositions of the MSI in melanosome garnet was performed by LA-ICP-MS in thick sections. The time-resolved ablation patterns showed large compositional variations reflecting the presence of minerals with different compositions. The integration of the whole collected signal averaged out some of the variation, but the resulting trace element composition was still highly variable ( Fig. 7a ) with concentrations and ratios of key elements such as LREE, Th, U, Zr and Nb varying by orders of magnitude. Therefore, the compositions of the MSI could not be estimated from laser ablation analyses and homogenization was performed.
EXPERIMENTAL HOMOGENIZATION OF MULTIPHASE SOLID INCLUSIONS
To characterize the composition of the MSI we performed experiments to homogenize the inclusions at high pressures and temperatures. The main aims of the experiments were (1) the transformation of heterogeneous mineral associations into homogeneous glass suitable for analysis by micro-beam methods and (2) the demonstration that the inclusions indeed represent trapped melt.
Experimental setup and products
Experiments were performed in piston-cylinder presses at RSES, ANU. They were run in 3Á5 mm diameter gold capsules welded under a stream of argon. The half-inch diameter cell assembly consisted of Teflon film, NaCl with Pyrex sleeves, a graphite heater and MgO spacers above and below the capsule. The Au capsule was placed inside a cylindrical MgO sleeve embedded in MgO powder. The capsules were positioned within the hotspot of the assembly, within %0Á5 mm of the thermocouple tip. Temperature was controlled by type-B Pt/Rh thermocouples (Pt 94 Rh 6 /Pt 70 Rh 30 ) and regulated using a Eurotherm temperature controller considered to be accurate within 6 3 C. The experiments were performed at temperatures of 900 and 1000 C to homogenize the inclusions and to completely dissolve the accessory minerals. High pressures of 10-20 kbar were necessary to stabilize garnet (Table 3) . Pressure was converted directly from the load and was accurate to 6 1 kbar. Experiments were performed over short durations from 0Á5 to 4 h (Table 3) to minimize garnet-melt interaction. In successful runs, the presence of clean glass without accessory phases indicates that this short time was sufficient for homogenization of the micro-inclusions.
Several experiments were performed with separates of 0Á6-1 mm garnet grains recovered from the entire sample, and hence represent a mix of garnet from both leucosome and melanosome (Table 3 ). The capsule was filled with layers of garnet grains separated by layers of matrix powder consisting of a mix of SiO 2 and Al(OH) 3 (Fig. 8a ). The matrix powder was added to the capsules to cushion the garnet grains during compression. To reduce the contrast of fluid pressure between inclusions and matrix, most of the experiments were performed with an addition of Al(OH) 3 , which releases water upon heating. However, a high water activity facilitates melting and destabilizes garnet. In an attempt to minimize this effect, one experiment was performed with oxalic acid dihydrate (H 2 C 2 O 4 *2H 2 O), which produces H 2 O and CO 2 upon heating and results in a lower activity of H 2 O in fluid (Table 3 ).
The two runs that were most successful in homogenizing the inclusions without dissolving the host garnet were C3388 and D1348, both conducted at 20 kbar, 1000 C. In experiment C3388 garnet grains from both melanosome and leucosome were set in a powder composed of 90% SiO 2 and 10% Al(OH) 3 . A 1 h run at 1000 C and 20 kbar produced an assemblage of matrix melt with a variable major element composition broadly similar to andesite (Supplementary Data Table S1 ; sup plementary data are available for downloading at http:// www.petrology.oxfordjournals.org), quartz, kyanite and two types of garnet. Roughly 80% of the starting garnet recrystallized and produced spongy textures after the experiment ( Fig. 8b and c ). The recrystallized garnet had a lower Ca content and higher Mg# than the original melanosome garnet ( Fig. 3a and b) . (b) Th/U in zircon domains 1-4 relative to temperature estimated by Ti-in-zircon thermometry (Ferry & Watson, 2007) .
Approximately 20% of garnet survived with a homogeneous composition similar to leucosome garnet. This garnet contained small glassy inclusions that appear transparent and isotropic, without crystalline phases, under the optical microscope (Table 4 , Fig. 9 ). An exception was the presence of a tiny grain of gersdorffite (NiAsS) in one glassy inclusion. Additional experiments were performed at various conditions (Table 3) , but were unsuccessful, generally owing to decomposition of garnet. To reduce melting, we also performed experiment D1300 at a lower temperature (900 C) and with reduced water vapour activity (pressure). The experiment showed less garnet recrystallization; however, inclusions were only partially homogenized, with crystals of biotite and plagioclase coexisting with melt.
Experiment D1348 was performed at 1000 C for half an hour with a large garnet grain (5 mm Â 2Á5 mm Â 2 mm) cut from a porphyroblast in the melanosome. The garnet was placed into the gold capsule and embedded in a mixture of SiO 2 and Al(OH) 3 (Fig. 8d) . The grain had some matrix phases attached, which could not be cut away without damaging the garnet. A large fraction of the garnet survived the experiment and glassy inclusions were formed in the garnet (Figs 8 and 9 ; Table 4 ). The minerals intergrown with garnet partially (biotite) or fully (feldspars) melted and produced matrix melt (Fig. 8e) .
Major element composition of homogenized inclusions and matrix melts
Homogenization experiments have the potential to produce significant changes in the composition of melt inclusions (Danyushevsky et al., 2002; Kamenetsky & Danyushevsky, 2005) . For example, matrix melt that forms around garnet can infiltrate the inclusions, resulting in meaningless mixed analyses. In experiment C3388, matrix glass and homogenized inclusions are substantially different in composition: inclusions in garnet homogenized to a glass have high contents of K 2 O, Na 2 O and Cl, whereas the matrix melt has low concentrations of these elements (Supplementary Data Table  S1 ; Figs 7b and 10a, b) . The difference in the composition of inclusions and matrix melt demonstrates the isolation of the inclusions because Na and K diffuse rapidly in felsic melts (Acosta-Vigil et al., 2006) . In experiment D1348, the matrix melt has elevated Na and K concentrations released from biotite and feldspar that were attached to the garnet porphyroblast; thus the matrix melt has a major element composition somewhat similar to the composition of the inclusions. However, the matrix melt is characterized by low Cl, LREE, Th and U and hence has a distinct trace element signature when compared with the homogenized inclusions. We thus conclude that the inclusions were sealed during Hf  35  27  36  30  0Á2  10619  13057  12488  10178  Ta  214  344  139  604 U  39  92  82  70  13739  100  18Á9  14  786 these experiments and do not represent trapped matrix melt. The homogenized inclusions are felsic melts with oxide totals of $90 wt % indicating a high water content. The melts have 53-63 wt % SiO 2 , 2Á6-9 wt % FeO, high Na 2 O, K 2 O and Al 2 O 3 , and significant Cl contents (Table 4 , Fig. 10c) . Numerous experimental studies have demonstrated that partial melting of metasediments produces melts of broadly granitic composition until very high temperatures are reached (Vielzeuf & Montel, 1994; Stevens et al., 1997; Hermann & Spandler, 2008) . The experiments by Hermann & Spandler (2008) are particularly relevant for this study because they covered a range of conditions similar to the peak metamorphic conditions reached in the Kokchetav complex and contained the same minerals as those present in the UHP gneisses. Experimental melts coexisting with coesite, garnet and mica at 30-45 kbar had MgO and FeO contents <1Á3 wt % at temperatures 1000 C (Hermann & Spandler, 2008) . The high content of FeO and MgO in the homogenized inclusions is interpreted as a result of interaction of melt with the host garnet, and for small inclusions the host garnet also might have contaminated the analyses. We assume that both host garnet and garnet dissolved in the inclusion have the same composition and thus they can be treated as one component. To correct for garnet contamination or dissolution, a value of 0Á8 wt % FeO was chosen as the original iron content in the melt (Hermann & Spandler, 2008) and the proportion of melt in the inclusions (x) was estimated from the formula
where C measured and C Grt are the FeO contents of inclusion and garnet measured by EDS and C inclusion is the assumed value of 0Á8 wt % FeO. In the next step, the concentrations of all the other components in the inclusion are calculated by
These calculations showed that typical inclusions contain 10-25% of the garnet component. The recalculated anhydrous compositions of the inclusions without the garnet component are given in Table 4 and plotted in Fig. 10 . Inclusions have broadly granitic composition with 2-4 wt % of Na 2 O and 2-5 wt % of K 2 O (Fig. 10) . The average SiO 2 content is 73Á4 wt % in type-L (leucosome) and 71 wt % in type-M (melanosome) inclusions, in agreement with experimental melts at similar conditions, which contain 68Á7-74Á9 wt % SiO 2 (Hermann & Spandler, 2008) . There are some differences in major element compositions between M-and L-type inclusions. Both are peraluminous granitic melts with an average Alumina Saturation Index (ASI) of $1Á2. Type-M inclusions have lower Na þ K and higher Ca and Al than the experimental melt compositions reported by Hermann & Spandler (2008) . Type-L inclusions have a significant Cl content of 0Á2-0Á7 wt %, whereas in type-M inclusions, Cl is close to the detection limit of EDS analysis (<0Á1 wt % Cl, Fig. 10c ).
Trace element composition of homogenized inclusions
The majority of inclusions were significantly smaller than the LA-ICP-MS spot size and hence inclusions were analysed together with their host garnet. The quantification of LA-ICP-MS analysis is based on the comparison of ratios of counts to concentrations in standards and unknowns for any element in relation to an internal standard (Longerich et al., 1996) 
The fraction of an inclusion in an analysis relative to the amount of host garnet (x) can be calculated if concentrations for two elements are known in both garnet and inclusion. The concentrations of other elements are then calculated from equation (4). Average SiO 2 and K 2 O measured by microprobe were used for recalculating the type-L and type-M respective groups of inclusions, and results are presented in Table 5 . The calculation of trace elements in the melts works best for elements that are highly incompatible in garnet such as LILE, LREE, Th and U. Several elements (Sc, Cr, Mn, Y, HREE) have substantially higher contents in the host garnet than in the mixed analyses and these elements cannot be reliably estimated in the inclusions.
The calculated trace element composition shows systematic differences between type-M and type-L inclusions (Figs 7 and 10 ). Type-M inclusions have higher LREE contents (>100 ppm La) than type-L inclusions (<15 ppm La). Type-M inclusions have high Th and U and Th/U ratios of %3-9, whereas type-L inclusions have high U but low Th, and thus low Th/U ratios of 0Á2-0Á8. Type-M inclusions generally have lower Zr (30-450 ppm) than type-L inclusions (230-650 ppm). Concentrations of Rb and Cs are similar in both types, whereas Ba in type-M inclusions is around 1000 ppm and highly variable in type-L inclusions (150-4000 ppm). Sr is higher in type-M (250-770 ppm) than in type-L inclusions (20-110 ppm). Some type-L inclusions have high As (40-740 ppm compared with 5-80 in type-M), which is also confirmed by observation of gersdorffite, NiAsS, in those inclusions.
Trace element partitioning between phengite, biotite and melt According to our petrological reconstruction, the peak mineral phases preserved as inclusions or in the matrix equilibrated with the melt (Fig. 11) . Phengite inclusions in garnet and in zircon equilibrated with type-M melts, whereas biotite in the matrix and biotite found in outer zircon domains probably coexisted with type-L melts. Using the measured trace element composition of these phases, we can determine a set of partition coefficients between biotite, phengite, and granitic melts (Table 6 ). To constrain the behaviour of LILE during UHP partial melting, we also derived LILE partitioning between minerals and melts by re-analysing experiments presented in our previous studies (Hermann & Spandler, 2008; Hermann & Rubatto, 2009; Stepanov & Hermann, 2013) . Analysis of biotite, phengite, and glass from four experimental runs was performed by LA-ICP-MS using the analytical procedure presented by Hermann & Rubatto (2009) . We obtain trace element partitioning between biotite and melt formed at 25 kbar, 750 C and 800 C, and between high-Ti phengite and melt at 45 kbar, 900 C and 1000 C ( Table 6 ). The complete dataset shows that the micas have the strongest preference for Rb, followed by Ba, Cs and Sr. The obtained partition coefficients for Rb, Cs and Sr agree well with experimental data of Icenhower & London (1995) for crustal conditions. However, Ba in mica at high pressure (D Ba 0Á4-7) is less compatible than at crustal conditions (D Ba 3-15).
DISCUSSION

Origin of multiphase solid inclusions as crystallized melt
There are several mechanisms for the formation of MSI: (1) capture of melt and its later crystallization; (2) capture of mineral aggregates during porphyroblast growth; (3) capture of melt together with crystal(s) (Acosta-Vigil et al., 2016); (4) capture of prograde mineral inclusions and later decomposition to form melt or polyphase aggregates (Perchuk et al., 2005) .
Several features indicate that the MSI in gneiss B94-26 represent trapped melts, rather than mineral aggregates captured during garnet growth: (1) most inclusions homogenized to a single melt phase with reproducible compositions; (2) after correction for n.a. garnet dissolution, the inclusions have a granitic major element composition, similar to high-pressure melts produced in experiments (Schmidt et al., 2004; Hermann & Spandler, 2008) ; (3) inclusions have significant concentrations of incompatible trace elements (LILE, LREE, Th, U), which are mostly insoluble in major minerals but can have high concentration in the melt; (4) inclusions formed by the capture of mineral aggregates or melt together with crystal(s) would have highly variable composition reflecting the abundances of phases in the original inclusion. However, the homogenized inclusions have rather constant compositions (Figs 7b and 10) , which cannot be assigned to any simple mineral mixture. Thus, we conclude that the MSI found in garnet of the Kokchetav UHP gneisses originated as trapped melts.
The type-M inclusions are hosted in garnet that is part of the peak assemblage together with phengite, coesite, kyanite and rutile (Fig. 12) . Garnet and phengite inclusions in zircon from sample B94-26 are unlikely to have been modified during later retrogression. The garnet-phengite-quartz-kyanite thermobarometer after Ravna & Terry (2004) can be applied to the composition of these inclusions and yields pressures of 44-49 kbar for peak temperatures of 1000 C (Fig. 11 ). This estimate is identical to peak metamorphic conditions of a diamond-bearing sample from Barchi-Kol reported by Stepanov et al. (2016) and in good agreement with previous determination of peak metamorphic conditions (Schertl & Sobolev, 2013 , and references therein). These conditions are close to the melting curve of phengite at these pressures (Hermann & Spandler, 2008; Mann & Schmidt, 2015) . Therefore, we interpret that the (Storre, 1972; Auzanneau et al., 2006) (Auzanneau et al., 2006) ; (c) upper stability limit of phengite (Hermann & Spandler, 2008) . Numbered polygons show approximate conditions of formation of zircon 1-4 domains. Table 6 . Partition coefficients between biotite, phengite and melts for LILE estimated for pairs of melt inclusions and mica inclusions and values for experimental micas
T 800 C, P 25 kbar 2Á7 6 0Á8 0 Á2 6 0Á1 0 Á66 6 0Á2 2 Á7 6 0Á9 D Bt/melt T 750 C, P 25 kbar 5Á2 6 0Á4 0 Á05 6 0Á01 0Á9 6 0Á04 2Á5 6 0Á14 D Phe/melt T 1000 C, P 45 kbar 1Á4 6 0Á2 0 Á15 6 0Á08 0Á25 6 0Á04 1Á3 6 0Á2 D Phe/melt T 900 C, P 45 kbar 1Á5 6 0Á1 0 Á03 6 0Á01 0Á14 6 0Á01 0Á44 6 0Á01 rUncertainty is 1SD. M-type inclusions formed during melting that was related to the partial consumption of phengite. The good agreement between the observed and the experimental partitioning (see above) further supports our textural observations that phengite and melt probably coexisted at peak metamorphic conditions. Melting did not consume all the phengite, as is evident by the survival of phengite inclusions in garnet and zircon. Perchuk et al. (2008) performed experiments in which garnet from medium-temperature eclogites (15-32 kbar, 600-680 C) was subjected to high-P, high-T conditions of 40 kbar and 800-1100 C. Before the experiments, the garnet contained mineral inclusions of clinozoisite, quartz and rutile. After high-T, high-P treatment clinozoisite inclusions decomposed and formed melt patches, which reacted with the host garnet and changed its composition. These experiments demonstrated that melt inclusions can also form not only from the melt itself but also by decomposition of previous mineral inclusions. For the multiphase inclusions in the Kokchetav rocks, the granitic composition and especially the high LREE concentration of the inclusions described in this study argue against such an interpretation.
In crustal rocks, crystallization of melt inclusions sometimes produces simple assemblages (two feldspars, mica and quartz) and textures similar to that of granite-such inclusions are named 'nanogranites' (Cesare et al., 2009; Bartoli et al., 2013; Ferrero et al., 2015) . In contrast, MSI in the investigated UHP gneiss have a rich association of minerals (over 15 phases). Some components are present as different minerals: Zr is found in zircon and baddeleyite; LREE are present in monazite, allanite and LREE-carbonates; Ti is found in rutile, ilmenite and also in micas. Many of the final mineral associations in the inclusions are not at equilibrium. For instance, quartz associated with baddeleyite ( Fig. 4d) should react to form zircon. The variable mineral associations in the inclusions are evidence of the complex crystallization history of the melt during exhumation and absence of equilibrium in the final assemblages.
Preservation and modification of melt inclusions
Experiments on the homogenization of fluid and melt inclusions are performed routinely with volcanic and hydrothermal rocks (Roedder, 1984) . Recently, homogenization of inclusions was also applied to highgrade metamorphic rocks (Bartoli et al., 2013) . In our experiments, as well as in the recent studies by the Padova group (Ferrero et al., 2015; Acosta-Vigil et al., 2016) , homogenization was performed at high pressure to stabilize the host garnet. However, in our experiments we aimed at homogenization of the inclusions for analysis rather than attempting to bracket the conditions of entrapment, and hence the experiments were performed with the addition of small amounts of water.
The Kokchetav rocks represent an extreme case of metamorphism of crustal rocks up to 50 kbar and 1000 C, followed by decompression, retrogression and recrystallization. The composition of the inclusions might have been affected by several processes acting during decompression, such as leaking of the inclusion and exchange with the host mineral by solid-state diffusion. In sample B94-26, trails of very small (<1 lm) inclusions of chlorite are commonly present near large MSI (Fig. 4b, d, e and f) , indicating loss of a fluid phase, most probably owing to decrepitation during exhumation. In contrast, small inclusions were less susceptible to decrepitation (Campione et al., 2015) . Thus, the best homogenized inclusions are relatively small and are not surrounded by cracks. Reproducible glass compositions for such homogenized inclusions are different from glass that formed outside the garnet (Fig. 7b) , indicating that the original melt composition is preserved.
Diffusion can significantly affect the composition of inclusions, especially in the case of inclusions hosted by garnet, which can be rich in some trace elements (e.g. HREE, Ti, P, Zr). Exsolution or dissolution of these elements from garnet during exhumation might increase or decrease the amount of these elements in the melt inclusions. This problem is best illustrated by the Zr content of the homogenized inclusions. Some type-M inclusions have low Zr (45-150 ppm) and type-L inclusions have high Zr contents (230-650 ppm). These concentrations disagree with inferred high temperatures for type-M inclusions and low temperature for type-L inclusions, because zircon-saturated melt at 1000 C and 45 kbar contains $260 ppm Zr (Hermann & Rubatto, 2009 ). The Zr content of the inclusions can be modified either by addition of Zr from garnet to the melt inclusion during decompression, or by Zr diffusion from the melt back into garnet during the homogenization of the melt inclusions. Elements with relatively high concentration in garnet are unlikely to preserve information about the melt composition at UHP conditions. Fortunately, key trace elements such as the LILE, LREE, Th and U are very low in garnet, and probably avoided modification during decompression and experimental homogenization.
Composition of UHP and exhumation melts
The Kokchetav UHP gneisses have a distinctive trace element composition indicative of high-degree melting and melt loss (Shatsky et al., 1999; Stepanov et al., 2014b) . The depletion patterns of the gneisses can be compared with the composition of the inclusions. The most incompatible elements during melting were LREE, Th and U (Shatsky et al., 1999; Stepanov et al., 2014b) . This observation agrees with very high LREE, Th and U in type-M inclusions (Fig. 7c) , which are 3-8 times higher than in non-UHP metasediments that represent the likely protolith for UHP gneisses (Stepanov et al., 2014b) . Type-M inclusions have Th/U ratios of 7 6 3, within the range of Th/U ratios in the non-UHP metasediments from Kokchetav (Stepanov et al., 2014b) . Such high LREE concentration and high Th/U ratios of type-M inclusions indicate that monazite was completely dissolved in the melt (Stepanov et al., 2014b) . Thus, a minimum temperature of partial melting can be estimated based on the measured LREE contents in the homogenized inclusion and monazite solubility experiments. The application of the monazite solubility thermometer of Stepanov et al. (2012) requires constraints on several parameters: LREE and H 2 O content in the melt, pressure and activity of LREE in monazite (a). Pressure has only a second-order effect on estimated temperature (T increase by $50 C between 20 and 50 kbar), and a for the Kokchetav UHP gneisses has been estimated at $0Á94 (Stepanov et al., 2014b) . H 2 O content was estimated at 10 wt % according to experimental data (Hermann & Spandler, 2008) ; however, its effect on calculated temperature is minor, within 6 30 C for H 2 O in the range 5-15 wt %. The sum of LREE in type-M inclusions is 610-940 ppm; if a peak pressure of 50 kbar is used, the calculated temperature is 920-975 C. Rutile is present as an accessory phase during peak melting and thus Type-M inclusions should be saturated in TiO 2 . TiO 2 solubility in granitic melts has a strong temperature dependence (Ryerson & Watson, 1987; Green & Adam, 2002) and the thermometer of Hayden & Watson (2007) yields temperatures of 910-1020 C for type-M inclusions with 2400-8400 ppm Ti.
The Nb concentration in melts is 27 ppm, about twice that of the restite (15 ppm). This indicates that Nb is slightly incompatible during UHP melting, despite the presence of residual rutile. Phengite inclusions and matrix biotite have a high Nb content (10 ppm Nb, Table 1 ) and the Nb/Ta ratio in both phengite and biotite is more than twice that of the bulk-rock. The Nb/Ta ratio of 14Á5 in the bulk-rock is higher than the average Nb/Ta of 11 in the protolith (Stepanov et al., 2014b) , indicating that micas might have contributed to the fractionation of Nb and Ta during partial melting (Stepanov & Hermann, 2013) . Type-M inclusions are slightly higher in Rb, Cs and Ba than the bulk-rock and protolith, in agreement with the absence of large LILE depletion in the Kokchetav UHP restites (Stepanov et al., 2014b) . Inclusions of high-pressure biotite and phengite in garnet and zircon have 3-5 times higher concentrations of Rb, Cs and Ba than the bulk-rock (Table 1) and 20-30% mica would accommodate all of the Rb, Cs and Ba in the rock.
Overall the Kokchetav UHP gneisses and type-M melt inclusions show complementary trace element patterns with respect to the sedimentary protolith (Fig. 7c) . If the melt preserved in the inclusions was external and infiltrated from the surrounding rocks it would have enriched the rock in LREE, Th and U, whereas a strong depletion in these elements is evident (Fig. 7c) . Therefore, the bulk-rock trends and melt inclusion compositions combined provide evidence for melt extraction close to peak metamorphic conditions.
The type-L inclusions have much lower LREE than type-M inclusions, and hence cannot be responsible for the LREE depletion in the gneisses. In type-L inclusions, 35-90 ppm LREE and 200-1000 ppm Ti give temperature estimates of 630-750 C and 610-690 C respectively, assuming a pressure of 20 kbar. These temperatures, together with the occurrence of these inclusions in leucosome garnet, suggest formation of the melt inclusions during crystallization of the leucosome, possibly during exhumation and cooling. The low Nb in type-L melts might be evidence for a low Nb content in lowtemperature anatectic melts owing to a high abundance of Ti-bearing phases in the restite (Stepanov et al., 2014a) .
Zircon record of metamorphism and partial melting
Zircon is an important mineral in UHP rocks owing to its large stability field, chemical robustness and ability to preserve high-pressure mineral inclusions. In HP and UHP rocks the Ti-in-zircon thermometer has been used to obtain temperatures in domains with different compositions and ages (Zheng et al., 2011; Gilotti et al., 2014) . In the Kokchetav rocks, zircon is a residual mineral (Stepanov et al., 2014b) and coexists with SiO 2 and TiO 2 phases, thus fulfilling the requirements for applying the thermometer. In gneiss B94-26, zircon shows complex zonation and variable trace element composition (Figs 3 and 5) , which can be interpreted in terms of the melting and compositional evolution of the rock (Fig. 11) .
The strong temperature dependence of Ti solubility in zircon coexisting with rutile and SiO 2 has been amply demonstrated (Troitzsch & Ellis, 2005; Ferry & Watson, 2007) . The estimates of the effect of pressure on this thermometer vary from negligible (Watson et al., 2006) , to decreased Ti solubility at high pressure (Tailby et al., 2011) . A computational study of Ferriss et al. (2008) concluded that Ti can occupy different positions in the zircon structure, replacing either Zr or Si atoms. At low pressure the predominant substitution is of Ti on the Si site; however, with increasing pressure, Ti substitution on the larger Zr site is likely. Considering these uncertainties concerning the effect of pressure, the Ti-inzircon temperatures should be used as constraints on relative temperature of formation rather than absolute temperatures.
Domain 1 zircon cores are dark in CL, have low Th/U ratios, high HREE contents and steep REE patterns. The low Th/U ratio (Fig. 6b) can be explained by formation in equilibrium with monazite (Stepanov et al., 2014a) , which can host a large fraction of the bulk Th. The steep, HREE-enriched REE patterns indicate zircon growth in a garnet-poor assemblage (Rubatto, 2002) , probably during prograde metamorphism when the garnet fraction was low. Ti-in-zircon thermometry returns crystallization temperature of 875-970 C (Ferry & Watson, 2007; Fig. 6b) .
Domain 2 zircon mantles show weak concentric zoning and are bright in CL. These zones have similar MREE to the cores but lower HREE, suggesting formation when garnet was more abundant. The very high Ti content of 100-300 ppm corresponds to temperatures of 1020-1170 C (Ferry & Watson, 2007) and suggests crystallization at peak T. The Th/U ratio is not fractionated with respect to the bulk-rock, supporting the interpretation that monazite was completely dissolved in the melt. Some zircon mantles and rims have high to medium CL emission and are characterized by flat HREE patterns, and high but variable Th/U ratios. Domain 3 formed during initial cooling as it yields similar Ti-in-zircon temperatures to the cores (850-1025 C; Ferry & Watson, 2007) . The low U content and Sm/Nd ratio of domain 3 reflect formation after the melt extraction that produced LREE, Th and U depletion. Domain 4 zircon rims have very weak CL emission and REE patterns similar to domain 3 but higher Th and U. Titanium is as low as 10 ppm, corresponding to 750 C (Ferry & Watson, 2007) , indicating that this zircon formed during cooling. The temperature of formation for this domain is similar to that estimated for type-L melt inclusions and thus this zircon domain might have formed during the crystallization of this later stage melt. The zircon domains are similar to the zircon zonation in a UHP gneiss reported by Stepanov et al. (2016) . The ages of zircons in the UHP gneisses indicate relatively fast subduction and exhumation of the units within 10 Myr. This timing is in agreement with previous geochronology of the Kokchetav UHP rocks (Hermann et al., 2001) .
Comparison with previous studies of fluid and melt inclusions in UHP rocks
The Kokchetav UHP complex contains a variety of rocks such as metapelites (kyanite gneisses), metagreywackes (garnet-biotite gneisses with elevated Na and Ca; Stepanov et al., 2014b) , metabasites (eclogites), marbles and calc-silicate rocks, which might have produced different types of melts during UHP metamorphism. Indeed, different types of melt and fluid inclusions have been observed in the Kokchetav rocks (Hwang et al., 2005 (Hwang et al., , 2006 Korsakov & Hermann, 2006; Korsakov et al., 2011; . Korsakov & Hermann (2006) described MSI in UHP minerals from diamond-rich calc-silicate rocks and determined their major and trace element compositions. They identified three types of inclusions: (1) polycrystalline carbonate inclusions; (2) silicate trace element-rich inclusions with epidote and titanite (Ce 40 ppm, RLREE 90 ppm); (3) silicate inclusions with low contents of REE (RLREE $ 0Á5 ppm). The first and second types of inclusion were explained as immiscible carbonate and silicate melts coexisting at UHP conditions. The third type probably formed by decompression melting of inclusions of phengite plus coesite, which would produce melts that are undersaturated in elements other than those present in host garnet and phengite. In diamonds from the Kokchetav marbles and garnet-pyroxene rocks, Hwang et al. (2005) described inclusions of COH-potassic fluids with up to 40 wt % K 2 O. The Kokchetav calc-silicate rocks formed by the reaction of granitic melts derived from metasediments with metacarbonates (Korsakov & Hermann, 2006; . These reactions consume Al 2 O 3 (forming garnet) and SiO 2 (forming garnet and pyroxene) from the melt and hence concentrate H 2 O and K 2 O in the residual fluid phase. Hwang et al. (2006) reported silicate glass inclusions in diamond from a UHP garnet-biotite gneiss that is similar to the sample investigated in this study. The semi-quantitative composition of these inclusions is characterized by high Si, K, P, and Cl and by low Al, Na, Fe, Mg, Ca, whereas no estimates of trace element content were obtained. This composition differs from the inclusions reported in this study by the low Al and very high phosphorus.
In the Dabie-Sulu UHP terrane MSI were found in eclogites (Gao et al., 2013; Liu et al., 2013; Chen et al., 2014; Zheng & Hermann, 2014) and in metaperidotites (Malaspina et al., 2006 (Malaspina et al., , 2009 . The main characteristics of inclusions are high LILE and low LREE concentrations and low Th/U ratios (Malaspina et al., 2006; Gao et al., 2013) . These features can be explained by the formation of melts from eclogites with relatively low LREE contents and/or melting at relatively low temperatures in the presence of residual monazite or allanite. Owing to the different protolith and/or melting conditions, the characteristics of Dabie-Sulu inclusions are thus different from the Kokchetav UHP melt inclusions (Fig. 13a) .
Inclusions containing monazite and thorianite, and hence with high LREE and Th contents, have been reported in spinel peridotites from the Bohemian massif (Naemura et al., 2008) . The age of thorianite in the inclusions is close to the age of the HP metamorphism in the adjacent gneisses. These multiphase inclusions potentially could represent the interaction of LREE-rich melts with mantle peridotites. Ferrero et al. (2015) reported multiphase inclusions of 'nanogranite' in leucogranulites from the Bohemian Massif and achieved homogenization of these inclusions by experiments at conditions close to the entrapment conditions. The melts have a major element composition of hydrous granite, in excellent agreement with our findings. Madyukov et al. (2011) presented a study of melt inclusions in high-pressure granulite xenoliths from the Pamir (1020 6 50 C, 15 6 1 kbar), from a suite of deep crustal xenoliths derived from the subducted Indian continental margin (Ducea et al., 2003; Hacker et al., 2005; Gordon et al., 2011) . Fluid and melt inclusions were observed in all minerals of the xenoliths (Qtz, Cpx, Grt, Pl, Ap, Tnt and scapolite). The principal compositional characteristics of the inclusions (Chupin et al., 2006; Madyukov et al., 2011) are similar to those of the melt inclusions measured in this study: they have granitic compositions, high contents of LREE (100-170 ppm La, 300-500 ppm RLREE), highly fractionated REE patterns and Th/U ratios close to normal crustal values (Fig. 13b) . The similarity of the Kokchetav and Pamir melt inclusions suggests a similar mineral control on melt composition in these two examples of HP-UHP anatexis in collisional orogens.
Comparison with subduction-and collision-related igneous rocks
The compositions of the UHP melts recorded in the melt inclusions from Barchi-Kol are complementary to the depletion found in restitic gneisses, which are the most abundant lithology at Barchi-Kol and Kumdy-Kol. Thus, significant amounts of melt with a composition similar to that recorded in the inclusions must have been extracted from these units. In this section we investigate to what extent such melts could contribute to the magmatism that typically occurs in subductioncollision settings.
At convergent margins, arc volcanism is the most abundant type of magmatism. In oceanic subduction zones, melting of sediments occurs at substantially lower temperatures than those required for melting of continental crust such as that recorded in the Kokchetav gneisses. Based on the Ce/H 2 O of primitive arc melts, top of slab temperatures of 750-850 C have been estimated (Plank et al., 2009) . Behn et al. (2011) proposed that subducted sediments at sub-arc depths might form diapirs that ascend into the mantle wedge and experience melting owing to phengite breakdown at significantly higher temperature than at the top of the slab. This model was based on depletion of LREE and Th in gneisses from Kokchetav. The comparison of the UHP melt inclusions with arc basalts shows that this style of melting is unable to explain the geochemical signature of arc lavas. The trace element patterns of the melt inclusions do not match the slab component of arc lavas in the case of subduction of predominantly oceanic sediments in the Mariana arc (Fig. 14a) , as well as in the Sunda-Banda arc where continental sediments make a significant contribution (Gertisser & Keller, 2003; Nebel et al., 2011) (Fig. 14b) . UHP melts show enrichment of REE with respect to LILE, enrichment of Th relative to U, and little enrichment in Sr (Fig. 14a) , features that are opposite to those observed in arc lavas. Thus, our data on melt inclusions do not support the involvement of high-T UHP melts formed by melting of buoyant sediment diapirs in the generation of arc basalts.
The main setting in which UHP metamorphism of crustal rocks occurs is at the onset of continental collision, and some felsic collision-related magmas might be related to UHP melting. A common type of collisionrelated magma is peraluminous S-type granite. A comparison of granite from the Erzgebirge, Germany (Fö rster et al., 1999) with the Kokchetav melts demonstrates that the latter have much higher LREE (Fig. 14c) , whereas Cs and Rb are much more fractionated from Ba and Sr in some peraluminous granites owing to fractional crystallization. Another substantial difference is the lower Th/U ratio of the Erzgebirge granites, which is probably related to the presence of monazite in the source and/or its fractionation during crystallization (Stepanov et al., 2012) .
It has been proposed that post-collisional granitoids in the Dabie UHP metamorphic belt originated from melting of deeply subducted continental crust (Zhao Zheng & Hermann, 2014) . Alkaline intrusions in the Sulu orogen have been interpreted as the products of partial melting of phlogopite-and amphibole-bearing mantle that had been metasomatized by low-degree melts of UHP crustal rocks (Zhao et al., 2012; Zheng & Hermann, 2014) . Both types of intrusive rock have high contents of LREE (Ce 70-135 ppm in Dabie and 200-370 ppm in Sulu) and thus might have formed by processes involving melts similar to the UHP melts observed in the Kokchetav gneisses. Whereas some Dabie granitoids might represent partial crustal melts produced by decompression melting during exhumation of gneisses, the origin of the Sulu alkaline intrusive rocks is probably more complex, involving reaction of the felsic melts with mantle material followed by melting of the metasomatized mantle. This process resulted in magmatic rocks ranging from mafic to intermediate compositions (Zheng & Hermann, 2014) . Shoshonites are diverse volcanic rocks commonly found in collision zones and characterized by high K 2 O/Na 2 O. Campbell et al. (2014) proposed a new model for the formation of some shoshonites through high-degree partial melting of crustal rocks, followed by variable interaction with peridotitic mantle. A comparison of the Kokchetav UHP melts with ultrapotassic rocks from southern Tibet (Fig. 14d) shows a close match for a number of key trace elements. The rock suites show overlapping Th, U and Nb and also similar LREE concentrations to the Kokchetav UHP inclusions. The mafic composition of the south Tibetan shoshonites, with 46-60 wt % SiO 2 and 5-13 wt % MgO, can be attributed to variable contamination of the crustal melts by mantle material. The similarity of the Kokchetav UHP melts to some of the shoshonites from Tibet and also to melt inclusions from Pamir, which is located in the same collision zone, provides support for the model proposed by Campbell et al. (2014) .
CONCLUSIONS
We have documented in detail the petrography of melt inclusions hosted in garnet from a UHP paragneiss from the Barchi-Kol, Kokchetav Massif. The characterization of these inclusions is challenging and the following points have to be considered.
Inclusions of high-temperature crustal-derived melts
can have high concentrations of trace elements and contain accessory minerals. This makes such inclusions unsuitable for analysis of their trace element composition by bulk ablation, and homogenization by high-pressure experiments is recommended. 2. Several generations of melt inclusions can be hosted in minerals that behave in different ways even during short re-homogenization experiments. Such experiments can result in the selective preservation of inclusions. A thorough examination of preexperimental and post-experimental mineral compositions and a clear distinction between matrix and inclusion melting is essential for the correct interpretation of homogenization experiments. 3. The host mineral can react with the melt after the entrapment as well as during the re-homogenization experiments. Therefore, elements with high concentrations in the host mineral (Zr and HREE in garnet) can change their concentrations in inclusions and thus cannot be used as reliable petrological indicators. Only elements with low concentrations in the host mineral, such as LREE, Th, U, K, Rb, Cs, Ba, Sr and Nb in the case of garnet, can be preserved in the high-temperature melt inclusions.
The successful re-homogenization of inclusions in garnet from the UHP gneiss allowed identification of two major melting events with contrasting trace element signatures, as follows. a. Inclusions with high LREE content occur in melanosome garnets and represent melt formed at peak conditions ($1000 C, $50 kbar) after monazite has been completely dissolved in the melt. Melting occurred in the presence of residual garnet, coesite, phengite, zircon and rutile. LREE, Th and U are highly enriched in the melt; K, Rb and Cs resided in phengite, and were only moderately incompatible during melting. Niobium was slightly enriched in the melt despite residual rutile. Zircon domains formed during this melting event are characterized by flat HREE patterns, unfractionated Th/ U, and high Ti contents of 100-300 ppm. b. Inclusions with low LREE content occur in quartzfeldspar layers (leucosome) and were formed during exhumation of the UHP gneisses at crustal pressures and temperatures of 650-750 C. Late zircon overgrowths that are related to these partial melts have high U and low Ti. c. The enrichment of the melt inclusions in LREE, Th and U is complementary to the depletion of the UHP gneisses. Therefore granitic melts with high concentrations of LREE, Th and U and strongly fractionated REE patterns were extracted from the Kokchetav paragneiss as a result of UHP anatexis. d. Based on the trace element signature, the melts differ from the slab component of arc magmas and our data argue against involvement of the Kokchetav UHP melts in the generation of arc basalts as proposed by the diapir model. e. High LREE contents, fractionation of LREE from HREE, enrichment in LILE, and the potassic nature of the melt inclusions resemble some types of shoshonitic magmas. Interaction of melts produced by UHP anatexis of metasedimentary rocks with peridotite mantle can produce magmas with a wide range of major element compositions, while preserving a high abundance of incompatible elements. This process could be responsible for some of the shoshonite magmas that are observed in collisional belts.
